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(54) Article comprising an optical fiber cascaded raman resonator 



(57) A multi-wavelength Raman radiation source is 
disclosed. The source receives pump radiation at a giv- 
en wavelength, e.g., 1100 nm, and has outputs at two 
or more longer wavelengths, e.g., 1450 nm and 1480 
nm. The cascaded Raman resonator comprises, for 
each desired output wavelength, an optical cavity 



formed by a high reflectivity grating and a low reflectivity 
grating, with both having the same center wavelength, 
equal to the desired output wavelength. Multi-wave- 
length Raman radiation sources have a variety of appli- 
cations, e.g., they can advantageously be used in a re- 
motely pumped optical fiber communication system. 
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Description 

Field of the Invention 

[0001] This invention pertains to optical fiber cascad- 5 
ed Raman resonators (CRR) and to articles that com- 
prise the CRR (e.g., a Raman laser, or an optical fiber 
communication system that includes a Raman laser). 

Background of the invention 

[0002] Optical fiber Raman lasers are known. See, for 
instance, U. S. Patent No. 5,323,404. 
[0003] Briefly, in a Raman laser, a cascaded Raman 
resonator (CRR) receives pump radiation of wavelength 
X p (typically from a laser diode array and a cladding 
pumped fiber laser), and shifts radiation power in one 
or more steps to a desired output wavelength X s > \ ? . 
The step size (frequently referred to as the Raman shift) 
typically is about 13.2 THz, corresponding to the maxi- 
mum in the Raman gain spectrum of silica. The step size 
is determined by reflectors (typically refractive index 
gratings) in the optical fiber. 

[0004] FIG. 1 schematically depicts an exemplary pri- 
or art CRR 10. The pump source can be conventional 
(e.g., comprising a diode laser array and a cladding 
pumped fiber laser) and is not shown. In FIG. 1, pump 
light of wavelength A. p propagates from fiber 11 to fiber 
12 through fibers 13, 14 and 15, all single mode silica- 
based fibers. Fiber 1 5 typically is of order 1 km in length, 
and advantageously has low effective area to maximize 
Raman gain. Numerals 161, 162-16n are conventional 
high reflectivity (e.g., >90%) refractive index gratings. 
Downstream gratings 171, 172 ... 17n are matched in 
center wavelength to upstream gratings 161 ... 16n, 
thereby providing resonance cavities at the wave- 
lengths that correspond to the respective center wave- 
lengths. One of gratings 171-17n (e.g., 17n) is a low re- 
flectivity grating, with all others having high reflectivity. 
By way of example, the pump wavelength is 1 1 1 7 nm, 
the output wavelength X s is 1480 nm, and the interme- 
diate Stokes-Raman orders are 1175, 1240, 1310 and 
1395 nm, corresponding to the center wavelengths of 
the respective grating pairs. FIG. 2 shows the measured 
Raman gain spectrum for >^ = 1 um See G. P. Agrawal, 
"Nonlinear Fiber Optics", 2nd edition, Academic Press, 
1995. 

[0005] The prior art CRR of FIG. 1 comprises an op- 
tional high reflectivity pump reflector grating 18 (with 
center wavelength X p ), as well as a low reflectivity (e.g., 
about 5%) output grating of center wavelength \. By 
way of example, the grating pair 161/171 corresponds 
to the first intermediate Stokes-Bragg order, and the pair 
16n/17n corresponds to the output wavelength. In a 
CRR as described, the light of an intermediate Raman- 
Stokes order circulates in its resonator until the light is 
substantially entirely converted into the next Raman- 
Stokes order. FIG. 3 of the '404 patent shows an exem- 



plary spectrum of a prior art CRR. 
[0006] It will be understood that the arrangement of 
the various refractive index gratings is not critical, since 
in general there is relatively little interaction between 
light and a grating of the type relevant herein unless the 
wavelength of the light is essentially equal to the center 
wavelength of the grating. See EP-A-0883 221, which 
discloses that appropriate ordering of the reflectors can 
result in conversion efficiency improvement of order 1%. 
[0007] Conventionally, the pump radiation of wave- 
length X p is derived from a high power pump that typi- 
cally comprises a commercially available diode laser ar- 
ray and a cladding pumped fiber laser that serves to con- 
vert the multimode radiation from the diode laser array 
into single mode radiation of the appropriate wave- 
length. 

[0008] CRRs as described above are finding a variety 
of uses, e.g., providing 1480 nm pump radiation for ED- 
FAs, or providing pump radiation for Raman amplifica- 
tion of signal wavelengths of about 1.55 urn from 1100 
nm pump light. 

[0009] In principle it is possible to provide a dedicated 
Raman laser for each desired output wavelength. See, 
for instance, K. Rottwitt et al., OFC 98, San Jose, CA. 
However, provision of a multiplicity of Raman lasers, 
one for each desired wavelength, typically would be pro- 
hibitively expensive. Thus, it would be desirable to have 
available a Raman laser that produces output radiation 
of two or more predetermined wavelengths from a single 
pump wavelength X p . This application discloses such a 
multi-wavelength Raman laser. 

Summary of the Invention 

[0010] The invention is embodied in a multi-wave- 
length CRR adapted for receiving pump radiation of 
wavelength X pi and for providing output radiation of at 
least two different wavelengths X s A and X s 2 - A signifi- 
cant aspect of the invention is the recognition that the 
frequency shift between adjacent Raman orders need 
not be limited to about 1 3.2 THz, as is prior art practice, 
but can be selected to be substantially any desired value 
in the approximate range 0-40 THz, being mindful of de- 
creased conversion efficiency for frequency shifts that 
differ substantially from the peak frequency shift of 
about 13.2 THz. 

[0011] More specifically, the invention is embodied in 
an article that comprises a CRR comprising a length of 
silica-based single mode optical fiber. The optical fiber 
comprises a first multiplicity of upstream refractive index 
gratings and a second multiplicity of downstream refrac- 
tive index gratings, with single mode optical fiber dis- 
posed between said upstream and downstream refrac- 
tive index gratings. Each refractive index grating has a 
center wavelength and a reflectivity at the center 
wavelength . The CRR is adapted for receiving pump 
radiation of wavelength X p at a location upstream of said 
upstream refractive index gratings, and is furthermore 
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adapted for providing, at a location downstream of the 
downstream refractive index gratings, output radiation 
of wavelength ^ > Xp. 

[0012] Significantly, the CRR is a multi-wavelength 
CRR that is adapted for providing, at the location down- 
stream of the downstream refractive index gratings, at 
least one further output radiation of wavelength Xg 2 > 
X p , wherein said first multiplicity of upstream refractive 
index gratings comprises a first and second refractive 
index grating, and said second multiplicity of down- 
stream refractive index gratings comprises a third and 
fourth refractive index grating. The first and third refrac- 
tive index gratings are selected to have center wave- 
lengths Xg •,, and the second and fourth refractive index 
gratings are selected to have center wavelength X^ 2 . 
The first and third refractive index gratings are selected 
such that the first refractive index grating has a reflec- 
tivity at the center wavelength \ A that is larger than the 
reflectivity at the center wavelength X s n of the third re- 
fractive index grating, and the second and fourth refrac- 
tive index gratings are selected such that the second 
refractive index grating has a reflectivity at the center 
wavelength X s 2 that is larger than the reflectivity at the 
center wavelength X s 2 of the fourth refractive index grat- 
ing. 

[0013] Typically, the reflectivities at the respective 
center wavelengths of the first and second refractive in- 
dex gratings are greater than 50%, and the reflectivities 
at the respective center wavelengths of the third and 
fourth refractive index gratings are less than 50%. 
[0014] Embodiments of the invention are not limited 
to two output wavelengths but can have three or even 
more different output wavelengths, limited substantially 
only by power considerations. 
[0015] The refractive index gratings can be conven- 
tional, with the "high reflectivity" first and second grat- 
ings desirably and typically having 80% or more reflec- 
tivity, and the "low reflectivity" third and fourth gratings 
typically having 20% or less reflectivity. 
[0016] The single mode fiber between the two sets of 
refractive index gratings typically has relatively small 
core size, to facilitate Raman shifting, and typically has 
a length of order 1 km, e.g., in the range 0.3-3 km. 
[0017] In addition to the above recited refractive index 
gratings, a CRR according to the invention also has one 
or more pairs of essentially identical gratings, with one 
member of a given pair in the upstream set, and the oth- 
er number of the given pair in the downstream set. 
These pairs form resonator cavities that cause Raman 
shifting of the radiation. 

[0018] Optionally, the set of downstream gratings 
comprises a high reflectivity grating of center wave- 
length Xp, to serve as pump reflector. The pump reflector 
typically is, but need not be, the last grating in the down- 
stream direction of the CRR. 

[0019] Preferred embodiments of the invention com- 
prise means for controlling the output power at the re- 
spective wavelengths. Such control can be provided by 



means of an adjustable coupler at the output, or by tun- 
ing or de-tuning of a grating pair. 
[0020] CRRs according to the invention can be pro- 
vided with an appropriate pump radiation source to yield 

s a Raman resonator radiation source (frequently referred 
to as a Raman laser). Such a radiation source can be 
used in a variety of ways, e.g., to provide pump radiation 
for an EDFA or for a distributed Raman amplifier, all in 
optical fiber communication systems, or for a combina- 

10 tion of a zero loss dispersion-compensating fiber and. 
EDFA for a combination of remote pumping and ampli- 
fication of the signal. See also EP-A-0903 877. 

Brief Description of the Drawings 

15 ' 

[0021] 

FIG. 1 schematically depicts a prior art CRR; 
FIG. 2 shows the silica Raman gain spectrum; 

20 FIGs. 3 and 4 schematically show exemplary CRRs 
according to the invention; 
FIGs. 5 and 6 show spectral data for an exemplary 
Raman laser according to the invention; 
FIG. 7 schematically depicts a turnable grating of a 

25 CRR; and 

FIG. 8 schematically depicts an exemplary optical 
fiber communication system according to the inven- 
tion. 

30 [0022] The drawings are not to scale or proportional. 
Detailed Description 

[0023] As exemplified by FIG. 2, the Raman gain 

35 spectrum of silica exhibits gain over a spectral region 
extending about 40 THz, with a broad peak at about 1 3.2 
THz. Thus, high power pump light can produce Raman 
gain substantially anywhere in this 40 THz range, pro- 
viding flexibility in the design of a CRR. In particular, ex- 

40 istence of this relatively broad gain band makes possible 
design of multi-wavelength CRRs, including CRRs with 
relatively widely spaced output wavelengths. At a wave- 
length of about 1 .1 um a frequency shift of -1 3 THz cor- 
responds to a wavelength shift of about 53 nm, and at 

45 a wavelength of about 1.5 jim a frequency shift of -13 
THz corresponds to a wavelength shift of about 72 nm. 
[0024] In a CRR according to the invention, the down- 
stream set of refractive index gratings includes, for each 
output wavelength, a "low reflectivity" grating having 

so center wavelength essentially equal to a desired output 
wavelength, and the upstream set of refractive index 
gratings includes, for each output wavelength, a "high 
reflectivity" grating having center wavelength essential- 
ly equal to the desired output wavelength. Herein a cent- 

55 er wavelength is "essentially" equal to another center 
wavelength if the center wavelengths differ at most due 
to unavoidable manufacturing variations. 
[0025] FIG. 3 schematically shows an exemplary 
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CRR 30 according to the invention. In FIGs. 3 and 4, all 
four digit numbers are in nanometers, and splices are 
not shown. 

[0026] In the CRR of FIG. 3, the upstream gratings as 
well as the downstream gratings are formed in conven- s 
ttonal manner in silica-based single mode optical fiber. 
Raman-active fiber 15 is 0.5 km of silica-based single 
mode optical fiber substantially like the corresponding 
fiber of the '404 patent. 

[0027] In Fig. 3, Xp is 1100 nm, and A and Xg 2 are 
1457 and 1486 nm, respectively. Pump radiation X p is 
coupled into the upstream end of the CRR, propagates 
therethrough, and the unconverted pump radiation is re- 
flected by 1100 nm pump reflector at the downstream 
end of the CRR. The grating pairs with center wave- 
lengths 1155, 1217, 1286 and 1363 nm all are high re- 
flectivity gratings (reflectivity at the center wavelength > 
90%). The upstream 1457 and 1486 nm gratings are al- 
so high reflectivity gratings, but the corresponding 
downstream gratings are low reflectivity gratings (reflec- 
tivity at center wavelength respectively about 20% and 
about 63%), frequently referred to as "output couplers". 
Due to the presence of the two high reflectivity reflectors 
and the two output couplers at 1457 and 1486 nm, the 
CRR of FIG. 3 can provide output variation at 1457 and 
1486 nm wavelength. 

[0028] The placement of the output couplers is not 
critical, provided they are disposed downstream of Ra- 
man fiber 15. For instance, the 1457 nm output coupler 
could be placed just downstream or upstream of the 
1486 nm coupler. 

[0029] FIG. 4 schematically shows a further exempla- 
ry embodiment of the invention, adapted for producing 
six different wavelengths from pump radiation of wave- 
length 1121 nm. All upstream gratings (designated by 
numerals 41 , 43, 45 and 47) are high reflectivity grat- 
ings, and the downstream gratings comprise high reflec- 
tivity gratings (designated 44 and 48) as well as six out- 
put couplers, namely the gratings designated 42 and 46. 
Grating 49 is a pump reflector. 
[0030] Pump radiation enters the CRR and is Raman 
shifted in conventional fashion to 11 99 nm, then to 1 266 
nm, and then to 1 341 nm. The latter then is Raman shift- 
ed to 1422, 1425 and 1428 nm. 
[0031] Pump radiation is also Raman shifted to 1155 
nm, then 1217 nm, 1286 nm and 1363 nm. The latter 
then is Raman shifted to 1447, 1450 and 1453. Output 
couplers 42 and 46 facilitate emission of radiation of 
wavelengths 1422, 1425, 1428 nm, and of wavelengths 
1447, 1450 and 1453 nm. 

[0032] An important aspect of CRRs in general, and 
of multi-wavelength CRRs according to the invention in 
particular, is the selection of the center wavelengths of 
the gratings. The goal of the selection is efficient shifting 
of the light from the pump wavelength Xp to the desired 
output wavelengths. 

[0033] Exemplarily, for given X p , ^ , and X*. 2 , the grat- 
ings advantageously are selected such that, for each 



given set of resonators, the wavelength differences be- 
tween adjacent gratings are approximately equal. Ad- 
vantageously, the gratings are selected such that the 
corresponding frequency is, exemplarily, in the approx- 
imate range 7-25 THz. 

[0034] in the figures, the gratings are shown disposed 
in a particular order, e.g., with increasing center wave- 
lengths in the downstream direction. This was done for 
the sake of clarity but is not a necessary feature. Indeed, 
the order in which the members of a set of gratings are 
disposed in the fiber in general is not critical. 
[0035] FIGs. 5 and 6 show the relevant portions of the 
output spectrum of a CRR substantially as shown in FIG. 
3. The spectra clearly show significant light intensity at 
about 1486 and 1457 nm, respectively. Optimization of 
the CRR is expected to result in even greater intensity 
at the desired output wavelengths. 
[0036] In many applications of multi-wavelength 
CRRs according to the invention, it will be desirable to 
be able to control the output power at one or another 
output wavelength. This can be accomplished, for in- 
stance, by means of an adjustable coupler at the output 
of the CRR. Suitable couplers are commercially availa- 
ble. 

[0037] The power can also be controlled by tuning or 
de-tuning one or more resonance cavities. Such tuning 
or de-tuning is readily accomplished by application of 
stress to one grating of a pair of gratings, and/or by 
changing the temperature of a grating of a pair, resulting 
in a shift of the center wavelength of the grating. It will 
be understood that the efficiency of a CRR increases 
with improved tuning of the resonance cavities, and de- 
creases with de-tuning of the cavities. In other words, 
changing the center wavelength of a grating such that 
said center wavelength is not exactly equal to the center 
wavelength of the other grating of a pair, decreases the 
cavity quality factor (Q), as compared to the Q of the 
resonance cavity with exactly matched pair. 
[0038] FIG. 7 schematically shows an exemplary tun- 
able grating for use in a CRR according to the invention. 
Optical fiber 71 , comprising refractive index grating 72, 
is attached by adhesive or other appropriate means 75 
to piezoelectric member 73. Appropriately placed elec- 
trodes 74 and conductors 76 facilitate application of a 
voltage across the member, such that the length of the 
member (and consequently the repeat distance A of the 
grating) is a function of the applied voltage. 
[0039] By way of further example, A can also be 
changed by changing the temperature of the fiber region 
that contains the grating. This is accomplished for in- 
stance by enclosing the grating in a housing with a heat- 
ing element therein. 

[0040] FIG. 8 schematically depicts a remotely 
pumped communication system 80 that comprises a du- 
al-wavelength CRR according to the invention. Trans- 
mitter 81 is signal-transmissively connected to receiver 
82 by means of optical fiber 83. Between transmitter and 
receiver is disposed conventional EDFA (erbium doped 
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fiber amplifier) 84. Dual wavelength Raman laser 85 is 
in the vicinity of the receiver, and is pumped by conven- 
tional pump source 86. Pump radiation 861 exemplarily 
has wavelength 1100 nm. The Raman laser is substan- 
tially as shown in FIG. 3, with output radiation of about 
1450 nm and 1480 nm, and includes a coupler (not 
shown) for separating the two wavelengths. The 1450 
nm radiation 851 is coupled into transmission fiber 83 
in the vicinity of the receiver by means of conventional 
coupler 842. The radiation propagates in fiber 83 in the 
upstream direction and serves to provide distributed 
gain for signal radiation propagating from the transmitter 
to the receiver. 

[0041] The 1480 nm radiation 852 propagates 
through fiber 87 to the vicinity of EDFA 84, and is cou- 
pled into fiber 83 just downstream of the EDFA. The 
1 480 nm radiation serves as pump radiation for the ED- 
FA, which provides gain for the signal radiation that 
propagates from transmitter to receiver. 
[0042] In FIG. 8, conventional features such as isola- 
tors, splices, etc., are not shown. 

Claims 

1 . An article comprising a cascaded Raman resonator 
comprising a length of silica-based single mode op- 
tical fiber with a first multiplicity of. upstream refrac- 
tive index gratings and a second multiplicity of 
downstream refractive index gratings spaced from, 
said upstream refractive index gratings, with each 
refractive index grating having a center wavelength 
and a reflectivity at the center wavelength, the cas- 
caded Raman resonator being adapted for receiv- 
ing pump radiation of wavelength X p at a location 
upstream of said first multiplicity of upstream refrac- 
tive index of g ratings, and furthermore adapted for 
providing , at a location downstream of said second 
multiplicity of downstream refractive index gratings, 
output radiation of wavelength -, > X p ; 
Characterized in that 

a) the cascaded Raman resonator is a multi- 
wavelength cascaded Raman resonator adapt- 
ed for providing, at the location downstream of 
the second multiplicity of downstream refrac- 
tive index gratings, at least one further output 
radiation of wavelength X^. 2 > V 

b) the first multiplicity of upstream refractive in- 
dex gratings comprises a first and a second re- 
fractive index grating, and the second multiplic- 
ity of downstream refractive index gratings 
comprises a third and a fourth refractive index 
grating, with said first and third refractive index 
gratings having center wavelength essentially 
equal to , and said second and fourth refrac- 
tive index gratings having center wavelength 
essentially equal to Ag 2 ; and 



c) said first refractive index grating has a reflec- 
tivity at the center wavelength A s fl that is great- 
er than the reflectivity of the third refractive in- 
dex grating at the center wavelength Xg ni and 
5 said second refractive index grating has a re- 

flectivity at the center wavelength X^ 2 that is 
greater than the reflectivity of the fourth refrac- 
tive index grating at the center wavelength X s 2 . 

10 2. Article according to claim 1, wherein each ot said 
first and second refractive index gratings has a re- 
flectivity at the respective center wavelengths that 
is greater than 50%, and each of said third and 
fourth refractive index gratings has a reflectivity at 

15 the respective center wavelength that is less than 
50%. 

3. Article according to claim 2, wherein said reflectivity 
greater than 50% is greater than 80%, and said re- 

20 flectivity less than 50% is less than 20%. 

4. Article according to claim 1 , wherein each of said 
first multiplicity of upstream refractive index grat- 
ings and said second multiplicity of downstream re- 

25 tractive index gratings comprises at least one fur- 
ther refractive index grating having a center wave- 
length less than at least one of X s A and X s 2 . 

5. Article according to claim 4, wherein said second 
30 multiplicity of downstream refractive index gratings 

comprises a refractive index grating having a center 
wavelength essentially equal to Xp. 

6. Article according to claim 4, comprising means for 
35 changing a quality factor Q of a resonant cavity 

formed by a pair of refractive index gratings. 

7. Article according to claim 6, wherein said means 
comprise means for changing the stress on one re- 

40 fractive index grating of said pair of refractive index 
gratings, or said means comprise means for chang- 
ing the temperature of one of the refractive index 
gratings of the pair of refractive index gratings. 
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